Edited by Amanda J. Fosang Roles in the organization of the cuticle (exoskeleton) of two chitin deacetylases (CDAs) belonging to group I, TcCDA1 and TcCDA2, as well as two alternatively spliced forms of the latter, TcCDA2a and TcCDA2b, from the red flour beetle, Tribolium castaneum, were examined in different body parts using transmission EM and RNAi. Even though all TcCDAs are co-expressed in cuticle-forming cells from the hardened forewing (elytron) and ventral abdomen, as well as in the softer hindwing and dorsal abdomen, there are significant differences in the tissue specificity of expression of the alternatively spliced transcripts. Loss of either TcCDA1 or TcCDA2 protein by RNAi causes abnormalities in organization of chitinous horizontal laminae and vertical pore canals in all regions of the procuticle of both the hard and soft cuticles. Simultaneous RNAi for TcCDA1 and TcCDA2 produces the most serious abnormalities. RNAi of either TcCDA2a or TcCDA2b affects cuticle integrity to some extent. Following RNAi, there is accumulation of smaller disorganized fibers in both the horizontal laminae and pore canals, indicating that TcCDAs play a critical role in elongation/ organization of smaller nanofibers into longer fibers, which is essential for structural integrity of both hard/thick and soft/thin cuticles. Immunolocalization of TcCDA1 and TcCDA2 proteins and effects of RNAi on their accumulation indicate that these two proteins function in concert exclusively in the assembly zone in a step involving the higher order organization of the procuticle.
arthropods (2) (3) (4) (5) (6) (7) . In insects, genes encoding CDA-like proteins have been identified and classified into five groups (8 -11) . Group I CDAs (CDA1s and CDA2s) have a peritrophin-A type chitin-binding domain (CBM14) and a low-density lipoprotein receptor A-type domain in addition to the CE-4 domain. They influence development and molting by acting on extracellular matrix-associated chitin in cuticle, trachea, and pharyngeal lining (5, (12) (13) (14) (15) (16) . In Drosophila melanogaster embryos, disruption of DmCDA1 (serpentine) and DmCDA2 (vermiform) genes resulted in an abnormal chitin core in the tracheal lumen and elongated tracheal tubes (12, 13) . These two proteins along with two other cuticular proteins, Obstructor A and Knickkopf, have been proposed to interact in the assembly zone of the cuticle to provide epidermal cuticle integrity of D. melanogaster larval cuticle (17, 18) . In Tribolium castaneum, RNAi of TcCDA1, TcCDA2, and the two splice isoforms of the latter, TcCDA2a and TcCDA2b, led to molting failure, abnormal limb movements, and wrinkled elytra, as well as a failure of embryonic development (16) . In the brown plant hopper, Nilaparvate lugenes, RNAi of NlCDA1, NlCDA2, and NlCDA4 caused mortality, growth reduction, and molting failure (14) . Recently, Yu et al. (15) reported that RNAi of LmCDA2 caused a less compacted and larger abdominal cuticle with less well-defined chitinous laminae in the migratory locust, Locusta migratoria. The authors reported that in LmCDA2-deficient insects, the chitinous laminae were not helicoidally arranged based on the trajectory of the pore canals, which followed a straight path through the cuticle rather than the helicoidal path observed in abdominal cuticles of control insects.
In this study, we have carried out RNAi for TcCDA1 and TcCDA2 of T. castaneum, either alone or in combinations including two TcCDA2 isoforms, TcCDA2a and TcCDA2b, and analyzed the ultrastructure of the normally laminar cuticles from different cuticle-forming tissues (hard and soft), as well as the nonlaminar tracheal taenidial cuticle. We report that the TcCDAs work cooperatively in the assembly zone to determine the overall shape and structural integrity of the horizontally oriented laminar cuticle and the vertically oriented pore canals, suggesting that group I CDAs are important for the higher ordered organization of chitin bundles in T. castaneum cuticle.
Results

Loss of function phenotypes produced by RNAi for TcCDAs
We previously reported that RNAi for TcCDA1 or TcCDA2 at the larval stage led to the arrest of growth at the subsequent larval-larval or larval-pupal molts and mortality (16) . Injection of either dsTcCDA1 or dsTcCDA2 into 0 -1-day-old pupae leads to a substantial depletion of the targeted mRNA at the pharate adult stage (5-day-old pupae) with no significant change in the levels of transcripts for the other TcCDA (top two panels in Fig. 1A ). In addition, administration of dsTcCDA1/2 significantly suppressed both TcCDA1 and TcCDA2 transcripts. All of those dsRNA-treated pupae failed to eclose into adults (top panels in Fig. 1B) .
Injections of dsRNA corresponding to alternative exon 3 of the TcCDA2 gene, which codes for the chitin-binding domain, at the late larval stages does not lead to growth arrest and the adults eclosed at the normal time (16) . However, the resulting dsTcCDA2a (with alternate exon 3a)-treated adults failed to articulate the limbs and had impaired locomotion (middle left panel in Fig. 1B and see Videos S1-S3). In contrast, RNAi of TcCDA2b (with alternate exon 3b) did not affect limb movement but resulted in rough and visible surface wrinkles in the pronotum and dorsal elytra (middle and bottom panels in Fig.  1B) . The selectivity and efficiency of the alternate exon-specific dsRNAs on depletion of the targeted exon-containing transcripts is shown in Fig. 1A (bottom two panels).
Spatial expression patterns of TcCDAs
The transcript abundance of TcCDA1, TcCDA2a, and TcCDA2b in soft hindwing tissue and in the hardened elytron (forewing tissue), both of which rely on the same wing gene network for their patterning (19) , was analyzed by real-time PCR. TcCDA1 and TcCDA2a were expressed at nearly similar levels in both tissues, but the proportion of the TcCDA2b transcript was significantly lower in the hindwing tissue ( Fig. 2A , right panel). A similar lower level of expression of TcCDA2b was observed in the dorsal abdomen relative to the ventral abdomen ( Fig. 2B, right panel) . Thus, there appears to be a correlation between the high ratio of TcCDA2a/TcCDA2b Figure 1 . Loss of function phenotypes produced by RNAi for TcCDAs. dsTcCDA1, dsTcCDA2, dsTcCDA1/2, dsTcCDA2a, dsTcCDA2b, or dsTcVer was injected into 0-day-old pupae. A, the transcript levels of TcCDAs after RNAi were analyzed by real-time PCR using cDNAs prepared from total RNA isolated from whole 5-day-old pupae. Transcript levels of each TcCDA in dsRNA-treated insects are presented relative to their level in the dsVer-treated control. An asterisk indicates a significant difference in transcript levels of TcCDAs between control and test samples (p Ͻ 0.01, t test). The data are shown as means Ϯ S.E. (n ϭ 3). B, insects treated with dsCDA1, dsCDA2, and dsCDA1/2 did not undergo adult eclosion. Pharate adults did not shed their old pupal cuticle and died (red lines in top panel). Injection of dsCDA2a or dsCDA2b did not prevent adult eclosion (middle and bottom panels). However, the resulting dsCDA2a-treated adults were unable to move their femoral-tibial joints (arrows in middle left panel), whereas the resulting dsCDA2b-treated adults exhibited roughened and wrinkled elytra and pronotum (bottom right panel).
transcripts and the softness/hardness of the cuticle elaborated by these epidermal tissues.
Ultrastructure of elytral dorsal cuticle from TcCDA1-and TcCDA2-deficient insects
To determine the effect of depletion of TcCDA1 or TcCDA2 transcripts on cuticle integrity, transmission electron microscopic (TEM) observations of the rigid elytral dorsal cuticle isolated at the pharate adult stage (5-day-old pupae) were carried out. Elytra from dsTcVer-treated insects exhibited regularly spaced, alternating electron-dense and electron-lucent chitin/protein laminae parallel to the epidermal cell surface, as well as numerous vertically oriented pore canals (relative to the epidermal cell surface) with a long central chitin core of pore canal fibers (PCFs) (Fig. 3A) . In contrast, the elytra from insects treated with dsTcCDA1 or dsTcCDA2 exhibited varying degrees of abnormal cuticular organization involving both the horizontal laminae and the vertical pore canals. In the elytral dorsal cuticle, the laminae were not easily discernible following RNAi for TcCDA1 ( Fig. 3B ) and were grossly affected after TcCDA2 RNAi, exhibiting electron-lucent pore canals that were bent and did not transverse vertically through the procuticle (Fig. 3C ). The laminae were completely missing after RNAi for both TcCDA1 and TcCDA2 (Fig. 3D ). In addition, the interface between the apical epidermal cell surface and the procuticle is ill-defined and not flattened as in the dsTcVer controls. The apical plasma membrane protrusions (APMPs) appeared to extend further into the disorganized procuticle. PCFs that assemble inside the pore canals were quite abnormal, exhibiting amorphous fibrous material compared with those in the control ( Fig. 3D ). These abnormalities were more severe in dsTc-CDA2-treated elytra compared with dsTcCDA1-treated ones and were the most severe in insects treated with both of the dsRNAs.
To determine whether the severity of the structural disorder in the cuticle varies along its length, we examined the sections in proximal, middle, and distal parts of the cuticle relative to the epidermal cell surface using higher magnification TEM analyses. There were no differences in the relative disorganization along the length of the entire procuticle with all of the TcCDA dsRNA treatments ( Fig. S1 , A-L). In contrast, the outermost envelope layer and the epicuticle that lies immediately below it appeared to be unaffected by these treatments (Fig. S1 , D, G, and J). Similar ultrastructural defects were observed after injection of dsTcCDA1, dsTcCDA2, or dsTcCDA1/2 in other body regions associated with rigid cuticles such as the ventral abdomen and leg of T. castaneum adults ( Fig. S2 ).
Ultrastructure of dorsal elytral cuticle after alternative exonspecific RNAi for TcCDA2
Because injection of dsRNA for TcCDA2a or TcCDA2b did not affect adult eclosion ( Fig. 1B) , it was also of interest to study the integrity of the rigid dorsal elytral cuticle after these treatments. RNAi for TcCDA2a, which affects limb articulation and gait but not the elytral surface, yielded no obvious differences in morphology of either the horizontal laminae or vertical pore canals in this tissue compared with the dsTcVer-treated control ( Fig. 3E and Fig. S1 , M-O). In contrast, the wrinkled elytra from dsTcCDA2b-treated insects exhibited a disruption of horizontal laminae and irregularly formed pore canals that contain less compact and unorganized PCFs throughout the entire length of the procuticle ( Fig. 3F and Fig. S1 , P-R). These ultrastructural 
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defects resembled those present in TcCDA1-deficient insects ( Fig. 3B and Fig. S1 , D-F). Comparable ultrastructural abnormalities produced by RNAi for TcCDA2b were observed in other body regions covered with rigid cuticles such as the ventral abdomen and leg ( Fig. S2 ).
Morphology of pore canals and PCFs after RNAi for TcCDAs
The above-described results were obtained with vertical TEM sections of the cuticle, that is, normal to the epidermal cell surface. To reveal the finer details of pore canal and PCF organization, cross-sections of the elytral dorsal cuticle were made parallel to the epidermal cell surface. In the dsTcVer-treated control cuticle, the pore canals appeared as near circular colonnades, representing the outermost chitin fiber columns with a thick supporting axis in the middle. In cross-sections, they had the appearance of rods radiating from the center ( Fig. 4A ) (20 -22) . The pore canals were probably filled with a dark-colored protein matrix with a circular outer wall of chitin fibers and a central vertical-supporting thicker chitin fiber bundle.
RNAi for TcCDA1 had a moderate effect on the structure of the pore canals ( Fig. 4B ), but there was a severe disruption of these pore canals after RNAi of TcCDA2 (Fig. 4C ). The circular column of chitinous PCFs had collapsed, and there was a diffuse matrix of electron-poor material accumulating in the middle of the presumptive pore canals. We interpret these bright electron-poor areas in the middle of the disrupted canals as representing disorganized chitin nanofibrils that failed to form higher order bundles or longer fibers. The disruptive effect is most severe when both of the TcCDA1 and TcCDA2 transcripts are depleted ( Fig. 4D ). RNAi of TcCDA2a did not appear to alter the pore canal/PCF organization ( Fig. 4E ), but depletion of TcCDA2b transcripts caused a discernible loss of pore canal structural integrity ( Fig. 4F ), which was similar to the result obtained with dsTcCDA1-treated insects (Fig. 4B ).
Ultrastructure of hindwing cuticle from TcCDA1-and TcCDA2deficient insects
Because TcCDA1 and TcCDA2 transcripts were also detected in tissues secreting soft cuticle (e.g. hindwing and dorsal abdomen), we analyzed the ultrastructure of the cuticles secreted by these tissues by TEM after RNAi for these TcCDA genes. As shown in Fig. 5A , the hindwing from dsTcVer-treated control insects exhibited a helicoidal procuticle (inferred from the crescent-shaped pore canal progression and fiber bundles in oblique sections) with considerably fewer horizontal laminae than the elytron. RNAi of either TcCDA1 or TcCDA2 resulted in a disorganized procuticle in which the pore canals were not visible ( Fig. 5 , B and C). Injection of dsTcCDA1 plus dsTcCDA2 led to a near complete loss of procuticle organization in the hindwing (Fig. 5D ).
The results of RNAi of the two alternatively spliced forms of TcCDA2 transcripts were consistent with the expression levels of these forms in the hindwing. RNAi for TcCDA2b, which was expressed at a relatively lower level when compared with that in the elytra, did not produce visible cuticular defects ( Fig. 5F ). On the other hand, RNAi for TcCDA2a resulted in a disordered cuticle and irregular pore canals (Fig. 5E ). The results of RNAi of the dorsal abdominal cuticle, which closely resembles the hindwing cuticle in its organization, follow a similar pattern. Both TcCDA1 and TcCDA2 are important for normal soft cuticle organization, and the simultaneous depletion of both TcCDA transcripts has the most deleterious consequences (Fig.  S3 ).
Cooperation between TcCDA1 and TcCDA2
Both TcCDA1 and TcCDA2 were expressed in the same tissues (e.g. the elytron, hindwing, abdomen, and leg), and yet depletion of either CDA alone results in cuticular defects. This 
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finding was puzzling because we assumed that either enzyme alone would be able to deacetylate chitin or carry out another common essential function independent of the other. We considered the possibility that the two proteins may cooperate with each other in the deacetylation step and that individually they may not be as active. We have not been successful so far in demonstrating that highly purified TcCDA1, TcCDA2a, and TcCDA2b preparations from an insect cell line expression system deacetylate, either alone or in combination, any of the several potential substrates that we have tested including colloidal chitin, ethylene glycol chitin, or chitooligosaccharides in vitro. We then investigated the possibility that depletion of one TcCDA may have an influence on the other TcCDAs stability or secretion when some type of heterocomplex formation is required for these processes.
We raised antibodies against TcCDA1 and TcCDA2 recombinant proteins to localize TcCDA1 and TcCDA2 proteins in the cell/cuticle by immunofluorescent and immunogold-labeling TEM analyses. Both TcCDA1 and TcCDA2 were found predominantly in the region that lies between the plasma mem- 
brane of the epidermal cell and the procuticle and just outside of the apical plasma membrane protrusions ( Fig. 6 and Figs. S4 and S5). Because both proteins clearly have a cleavable signal peptide and are indeed secreted after expression in insect cells, we assumed that these proteins accumulate in the assembly zone where chitin fibers are assembled into higher ordered structures. Interestingly, RNAi of either TcCDA1 or TcCDA2 resulted in almost complete loss of signal for both TcCDA1 and TcCDA2 from these regions ( Fig. 6 and Fig. S5 ). These results suggested that both of the TcCDA proteins are transported to the outside together, presumably in the form of a complex. Western blotting analysis (in the presence of SDS) supported the hypothesis that RNAi of each CDA affects at least partially the steady-state level of the other CDA (Fig. 7A ). In addition, under native-PAGE conditions, there was evidence for the presence of a complex with an apparent size expected for a dimer of TcCDA1 and TcCDA2 (Fig. 7B ). RNAi of either TcCDA1 or TcCDA2 resulted in the depletion of this putative complex, further supporting the possibility that these two proteins physically interact with each other.
Discussion
Insect CDAs and the genes encoding them have been studied for over 10 years and shown to be essential for development, survival, and proper cuticular morphology. However, until now we had very few clues regarding their precise function and the steps in cuticle assembly in which they participate. Although fungal and nematode CDAs clearly possess the ability to deacetylate soluble chitin derivatives and partially deacetylated chitin and chitooligosaccharides in vivo and in vitro (2, 4, 23, 24) , there are only a couple of studies that have reported such activity for purified preparations of CDAs from insect tissue extracts or from expression systems involving insect CDA genes (25, 26) . On the other hand, several studies including ours could not detect chitin deacetylase activity in vitro from comparable preparations (8, 27, 28) . Nevertheless, the finding that naturally occurring chitin isolated from insects does indeed have up to about 20% deacetylated sugars (glucosamine residues) (29) indicates that deacetylation must occur in vivo. It is likely that in insect cuticle, deacetylation occurs on nascent chitin chains and that in vitro studies failed to reproduce those conditions/substrates/presence of co-factors required for activity. Furthermore, the lethality associated with mutations of CDA genes, as well as the developmental defects and cuticular abnormalities exhibited by insects following RNAi of the CDA1 and CDA2 genes, further suggests that these proteins are essential for insect survival and normal cuticular development (16) . In the present study, we have extended our earlier observations to include other hard cuticles including the ventral abdominal and leg cuticles, as well as soft cuticles including those of the dorsal abdomen and hindwing. TEM analyses of the ultrastructure of the cuticles reported here have shown that the structural integrity is compromised upon depletion of TcCDA1 and TcCDA2. In particular, the horizontally stacked laminae and the vertically oriented pore canals become unorganized and lack rigidity with evidence of accumulation of disordered nanofibrils throughout the procuticle. Even the two alternatively spliced isoforms of TcCDA2, TcCDA2a and TcCDA2b, appear to have critical functions in specific tissues such as the elytron and leg joints. TcCDA1, TcCDA2a, and TcCDA2b are co-expressed in several (perhaps all) cuticle-forming tissues at the same developmental time. However, there is no functional compensation for the requirement of either of these proteins by other closely related TcCDAs, as evidenced from the finding that abnormal phenotypes are observed when any one of them is down-regulated by RNAi. Although TcCDA1 and TcCDA2 are required at all developmental stages, the requirement for TcCDA2a and TcCDA2b indicates tissue specificity. The tissues affected by depletion of TcCDAs include soft and thin cuticles, as well as the hard and thick cuticles, the common factor being that they all form laminated cuticles. In contrast, the taenidia of the tracheal system lack the parallel laminae characteristic of other cuticles (Fig. 8 ). In D. melanogaster, studies of tracheal tubule formation during embryogenesis have shown that processing of the lumenal chitin cylinder is affected in DmCDA1 (serpentine) and DmCDA2 (vermiform) mutants (12, 13) . However, RNAi for TcCDAs at the late larval or pupal stages of T. castaneum did not result in any changes in the taenidial cuticle including the accumulation of electron dense material at their apices ( Fig. 8 ).
TEM analyses have provided clues regarding the step(s) in cuticle assembly that may require deacetylated chitin. The loss of the laminar arrangement of procuticular layers in both soft and hard cuticles and the accumulation of smaller fibrils that follows RNAi of either TcCDA indicates that, without deacetylation or any other function fulfilled by these proteins, native chitin nanofibrils (presumed to be the ϳ2.8 nm chitin crystallites) are randomly distributed in the cuticle and do not form Ultra-thin sections (90 nm) of pharate adults (5-day-old pupae) treated with dsTcCDA1, dsTcCDA2, dsTcCDA1/2, or dsTcVer were incubated with anti-TcCDA1 (left panels) or anti-TcCDA2 antibodies (right panels). The first antibodies were detected by secondary goat anti-chicken antibodies conjugated to 10-nm gold particles. Both proteins are predominantly detected in the region between the plasma membrane of the epidermal cell and the procuticle (assembly zone) and just outside the apical plasma membrane protrusions. Scale bar, 500 nm.
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higher order assemblies of chitin, which ultimately result in formation of neatly stacked chitin laminae or long pore canal fibers. Based on the model of cellulose synthesis in plants and bacteria, polymeric assemblies of chitin synthase subunits are thought to lead to the production of coaxial bundles of chitin crystallites containing 18 -25 chitin chains with a diameter of ϳ3 nm, which then associate with cuticular proteins to form larger composites. Neville et al. (30) reported that a common arrangement of chitin crystallites embedded in the matrix of proteins in the procuticle of arthropods including insects is a hexagonal or pseudo hexagonal lattice with a size range of ϳ4.5-9.0 nm for each side. Nanofibers with diameters ranging from 20 to 100 nm in cicada cuticles (31) , 25 nm in the claval furrow of L. migratoria (32) , and 160 -300 nm in the jaws of the Australian plague locust (33) have been reported. Nanofibers with a diameter of 50 -250 nm and a length of 300 nm have been proposed as the building blocks of horizontally stacked laminae (34) . In the horizontal laminae of T. castaneum, we see fibers that are much longer than 300 nm, and in the pore canals, fibers with a thickness in the range of 40 -80 nm are observed. Presumably, the elongation of the basic chitin crystallites of 3 nm described by Neville et al. (30) occurs via side to side stacking and end to end joining facilitated by specific proteins to reach (or exceed) the dimensions of the epidermal cell (ϳ10 m). Subsequent arrangement of long linear composites into parallel two-dimensional laminae by side-by-side alignment and the vertical stacking of these laminae may require specialized proteins. In the dsTcVer-treated controls, the laminae appear as long fibers with sizes measured ϳ2.5 m or longer, especially where the pore canals are not obscuring fiber visualization. Even though it is somewhat difficult to precisely measure the dimensions of the fibers that accumulate upon RNAi of Figure 7 . Evidence for formation of complex of TcCDA1 and TcCDA2 using polyclonal antibodies. Protein extracts of elytra (n ϭ 5) from pharate adults (5-day-old pupae) that had been previously injected with dsTcCDA1, dsTcCDA2, dsTcCDA1/2, or dsTcVer at the 0-day-old pupal stage were analyzed by denaturing 10% SDS-PAGE (A) and native-PAGE (B), followed by Coomassie Blue staining or Western blotting using the anti-TcCDA1 and anti-TcCDA2 antibodies (1:1000). RNAi of either TcCDA1 or TcCDA2 shows almost complete depletion of the targeted protein, as well as partial depletion of the other TcCDA. In B, an ϳ130-kDa band reacting with either antibody is seen in the dsTcVer-control, presumably representing a dimer consisting of one TcCDA1 and one TcCDA2 molecule (black arrows). After RNAi of either TcCDA, this larger hybrid complex disappears and is replaced by possible trace amounts of TcCDA1-TcCDA1 (blue arrow) and TcCDA2-TcCDA2 (red arrow) dimers.
TcCDA1 or TcCDA2, a visual inspection suggests that the fibers are of a similar thickness as in the control, but significantly shorter with many in the ϳ500-nm range. After RNAi for both TcCDAs, these fibers are rarely longer than 300 nm, suggesting that the elongation of the basic nanofibrils is disturbed in the absence of TcCDAs. In addition, the fibers assume random crisscross orientations. Even inside the pore canals, a similar loss of accumulation of long orderly fibers can be seen. In crosssections of the pore canals, the loss of fiber organization/orientation is mildly evident after RNAi for TcCDA1, more pronounced after RNAi for TcCDA2, and most obvious when both TcCDAs are down-regulated together. These results suggest that cuticle integrity is lost because of a failure to lengthen chitin nanofibers and organize them into higher order structures that include multilayered horizontal laminae, as well as thick and long bundles of chitin fibers that structurally reinforce the pore canals in the vertical direction.
All parts of the cuticle including proximal, middle, and distal parts moving away from the epidermal cell surface and the pore canals are affected equally by the loss of either TcCDA1 or TcCDA2 proteins. This result could have led to the expectation that these two TcCDAs are distributed evenly throughout the procuticle and thus affect chitin nanofibril organization. However, the results of immunolocalization of either TcCDA1 or TcCDA2 indicate that this is not the case. Both proteins are confined to what we believe to be the assembly zone that lies between the epidermal cell surface and the innermost part of the forming procuticle (35) . How could a protein that is localized exclusively in the assembly zone influence the structure of distal layers of the cuticle? We propose that these TcCDAs function as enzymes presumably deacetylating nascent chitin partially in the assembly zone and not as just binding proteins that influence the assembly of nanofibrils at distal locations.
Our results with T. castaneum are in agreement with the reported predominant localization of Serpentine (CDA1) and Vermiform (CDA2) proteins (both have chitin deacetylase domains) in the assembly zone of D. melanogaster larval cuticle, where they presumably interact with other cuticular proteins, chitinases and chitin (17, 18) but differ from those of Yu et al. (15) , who localized LmCDA2 from L. migratoria to the region of the procuticle just below the epicuticle and concluded that this CDA is responsible for the helicoidal organization of the chitin laminae reaching all the way to the base of the procuticle. They proposed that in the absence of LmCDA2 accumulation at this location, the underlying procuticle was forced to assume the configuration of a parallel stack of laminae instead of the normal helicoidal stack. The pore canals also did not traverse the procuticle in a helicoidal path as in the controls. In contrast, in T. castaneum, both TcCDA1 and TcCDA2 proteins are found in the assembly zone and just outside the APMPs that give rise to the pore canals. In addition, depletion of either one of the TcCDAs results in a disorganized cuticle filled with smaller fibers without the normally stacked laminae. It should be pointed out that the exocuticle in rigid cuticles of the T. castaneum adult is nonhelicoidal (20, 22) . Even in the hindwing, where the cuticle is much thinner and helicoidal, depletion of TcCDA1 or TcCDA1 plus TcCDA2 results in a nearly complete loss of the laminar organization. There was no evidence of alteration of the thickness of the T. castaneum cuticle as was observed in the abdominal cuticle of L. migratoria (15) .
We obtained additional insights into why the two secreted TcCDAs do not functionally compensate for each other by following their accumulation in the assembly zone after administration of either one of the two dsRNAs. RNAi of TcCDA1 resulted in loss of accumulation not only of TcCDA1 protein as expected but also led to the absence of TcCDA2 in the assembly 
zone and vice versa. We interpret these data as suggesting that the transport/secretion of these two proteins may involve formation of a complex of these two proteins in the endoplasmic reticulum or at some point in the vesicular transport pathway. Western blotting analyses of protein extracts from elytra after RNAi of either TcCDA1 or TcCDA2 showed almost complete depletion of the targeted protein, as well as a partial depletion of the other TcCDA (Fig. 7) . Furthermore, native-PAGE revealed that, in addition to the 60 -65-kDa TcCDA1 and TcCDA2 proteins, larger immunoreactive protein complexes with apparent molecular masses of ϳ120 -130 kDa were detected in the protein extract of dsTcVer-treated control insects in addition to the monomers (Fig. 7B ). Because this larger immunoreactive protein (black arrow) (and the targeted TcCDA protein) was absent/reduced in both TcCDA1-and TcCDA2-deficient insects, it appears that a TcCDA1-TcCDA2 heterodimeric complex is present. There is some evidence for the formation of homodimeric TcCDA1 or TcCDA2 complexes when RNAi was performed with a single dsRNA for TcCDA1 or TcCDA2 (red or blue arrows). These results suggest the possibility that after synthesis, the two TcCDA proteins associate with each other to promote their stability/transport into the assembly zone. However, the detection of immunoreactive material in Western blots after depletion of either TcCDA indicates the accumulation of the nontargeted TcCDA in some intracellular location (not detected by the immunogold labeling). We propose that the two TcCDAs may function cooperatively in the deacetylation step and/or influence each other's stability/accumulation in the assembly zone. We are currently pursuing this possibility by performing some direct biochemical experiments.
Conclusions
We conclude that TcCDA1 and TcCDA2 help to determine the overall three-dimensional architecture of the procuticle by affecting not only the laminar arrangement of chitin-protein layers but also the structure of the vertically oriented pore canals. However, the envelope or epicuticle and nonlaminar mature adult tracheal taenidial cuticle are unaffected. We further postulate that the deacetylated parts of chitin serve as attachment points for other proteins involved in end-to-end aggregation and/or further assembly of chitin nanofibrils into larger assemblies such as larger microfibrils, laminae, or pore canal fibers. The ␣-chitin crystallites that form after the chitin chains emerge from the active sites of extrusion helices of chitin synthases are unsuitable substrates for CDAs unless they are partially disassociated by the activity of some proteins. Presumably, CDA1 and CDA2 work in concert with chitinase 7, an enzyme implicated in releasing the nascent chitin chains (40). Such ends that are not involved in hydrogen bond formation with other chitin chains may be more easily accessible to CDAs and solvent. All three of these proteins have peritrophin A-type chitin-binding domains that may help them to bind to crystalline chitin and provide ligand-binding free energy that may aid in decrystallization of the substrate (36) . It is interesting to point out that chitinase 7 and chitin synthases have transmembrane or membrane-anchoring domains, whereas CDAs do not. Why CDA1 and CDA2 do not diffuse away from the assembly zone into the rest of the procuticle remains an open ques-tion. Finally, how these multiple deacetylases work together with multiple chitinases, multiple chitin synthases, and multiple chitin-binding proteins to synthesize, bind with, deacetylate and hydrolyze chitin, and partially deacetylate chitin in cuticles exhibiting different mechanical properties are major unanswered questions in insect science.
Experimental procedures
Insects T. castaneum GA-1 strain (37) was used to study adult cuticle development. Insects were reared at 30°C at 50% relative humidity in wheat flour containing 5% (v/v) brewer's yeast. Under this rearing condition, adult eclosion occurs 5 days after pupation.
Real-time PCR
Total RNA was isolated from elytra, hindwings, and ventral and dorsal abdomens dissected from 0-day-old adults (n ϭ 10) by using the RNeasy mini kit and then treated with DNase I (Qiagen). 1 g of total RNA was used to prepare cDNA using the SuperScript III first-strand synthesis system (Invitrogen) according to the manufacturer's instructions. Total RNA was independently isolated for each of the three replications. Realtime PCR was performed using the Thermal Cycler Dice realtime PCR system (Takara) in a 50-l reaction mixture containing 1 l of template cDNA, 25 l of SYBR Premix Ex Taq (Takara), and 0.2 M of each primer with the program: initial denaturation at 95°C for 30 s followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. At the end of the PCR, a melt curve was generated to evaluate the possibility of undesirable side products. The threshold cycle number (Ct) was determined and used for comparative quantitative analyses. The transcript levels of the T. castaneum ribosomal protein S6 (TcRpS6) were measured to normalize for differences between the concentrations of cDNA templates. See Table S1 for the primer sequences used for real-time PCR experiments and their amplification efficiencies.
RNAi dsRNA for TcCDA1 (dsTcCDA1), TcCDA2 (dsTcCDA2), TcCDA2a (dsTcCDA2a), and TcCDA2b (dsTcCDA2b) were synthesized as described previously (16) and then injected into 0 -1-day-old pupae (150 ng/insect). Insects injected with dsRNA for the T. castaneum Vermilion gene (dsTcVer) served as a negative control (38) . The primer sequences used for amplification of the templates for synthesizing dsRNAs are shown in Table S1 . To analyze the knockdown levels of TcCDA transcripts, total RNA was isolated from whole insects of 5-dayold pupae (n ϭ 3). Total RNA was independently isolated for each of three replications, and significant differences were analyzed using a Student's t test.
Western blotting
TcCDA1 antibody was generated in rabbits against the purified recombinant TcCDA1 protein expressed in insect cells as the antigen (16) . Similarly, to generate TcCDA2 antibody, recombinant TcCDA2 protein was expressed in the High-Five Group I chitin deacetylases and insect cuticle structure cells using the baculovirus expression system (BD Biosciences) and purified from the culture medium by nickel-nitrilotriacetic acid affinity column chromatography as described previously (39) . See Table S1 for the primer sequences used for expression of the recombinant TcCDA2 protein. Purified TcCDA2 was used as the antigen to generate rabbit antiserum (Cocalico Biologicals, Inc.). To evaluate the specificity of the anti-TcCDA1 and anti-TcCDA2 antiserum, Western blotting analysis was performed. Protein extracts prepared from the elytra dissected from the 5-day-old pupae (n ϭ 5) that had been previously injected with dsRNA for the TcCDAs or TcVer at the 0 -1-dayold pupal stage were analyzed by 10% SDS-PAGE followed by Coomassie Blue staining or Western blotting using the anti-TcCDA1 or anti-TcCDA2 polyclonal antibodies as described previously (22) . To investigate the formation of TcCDA protein complex(es), the protein extracts were also analyzed by the 4 -16% NativePAGE TM Bis-Tris gel system (Invitrogen) according to the manufacturer's protocol.
Transmission EM (TEM)
TEM was performed as described previously (21) . Pharate adults (5-day-old pupae) that had been injected at the 0 -1-dayold pupal stage with dsTcCDA1, dsTcCDA2, dsTcCDA1/2 (coinjection), dsTcCDA2a, dsTcCDA2b, or dsTcVer were collected and fixed as described previously (21, 22) . Ultra-thin sections (ϳ90 nm) of different tissues were stained with 4% uranyl acetate, and then cuticle ultrastructure was observed using a transmission electron microscope (JEOL, JEM-1400). Immunogoldlabeling TEM was carried out as described previously (21, 22) using anti-TcCDA1 and anti-TcCDA2. Gold-labeled (10 nm) wheat germ agglutinin (EY Laboratories) was used to detect cuticular chitin.
